Objective: The aim was to investigate. the effects of acute ischaemia on cardiac repolarizing K+ currents. Methods: We developed a model of acute ischaemia in isolated rat ventricular myccytes transiently surrounded with a mineral oil droplet. During ischaemic challenges, we recorded intracellular pH using the fluorescent probe seminaphthorhodafluor-1 (SNARF-1) and whole-cell K+ currents using the patch-clamp technique. Results: Decrease in intracellular pH (pH,) during simulated ischaemia was dependent upon the extracellular proton buffer used (pHi decreased from 7.44 &-0.02 to 7.16 f 0.04 in a Hepes-buffered medium and from 7.08 f 0.04 to 6.56 f 0.07 with bicarbonate buffer). In Hepes, action potential duration initially lengthened and then shortened under the effects of ischaemia. Initial action Potential duration lengthening was concomitant with a block of the inward rectifier K+ current, whereas late shortening corresponded with the activation of the ATP-sensitive K+ current. Similar changes occurred in bicarbonate buffer although with different amplitudes and kinetics. Patch-clamp experiments also showed inhibition of the transient outward K+ current. Brief transient episodes of ischaemia activated AlPsensitive K+ current in only 20% of control cells (n = 21) but in 100% of cells treated with 15 IJ.M cromakalim (n = 9). Conclusions: (i) Simulated ischaemia produces complex effects on repolarizing K+ currents including both inhibition and activation; (ii) cromakalim accelerates activation of ATP-sensitive K+ current during simulated ischaemia.
Introduction
The cellular consequences of acute ischaemia on the cardiac muscle are complex [ll and thus far from being entirely elucidated. Electrophysiological properties of cardiac cells are profoundly altered during acute ischaemia leading to alterations in conduction and refractoriness and eventually to fatal arrhythmias. The membrane resting potential depolarizes within minutes after the onset of acute ischaemia [2] , an event that has been attributed to the accumulation of K+ in the extracellular spaces [2] and is partially responsible for the decreased action potential upstroke and conduction velocity [3] . Soon after initiation of acute ischaemia, the plateau phase of the action potential initially lengthens and then progressively abbreviates the early phase of ischaemia, intracellular acidosis precedes extracellular acidosis [l] , there is a Ca2' overload [S] , and the intracellular Na+ has been reported to consistently increase [6] or to be unmodified [7] .
Several ionic currents are supposedly involved in the electrophysiological alterations caused by ischaemia. Among these, Kf currents such as the ATP-sensitive K+ current [8] , the Naf-activated K+ current [9] , and the fatty acid K+ current [ 101 have been implicated in reducing refractory periods in the ischaemic zone but also in preserving the myocardium from irreversible cell damage [ 111. However, the involvement of K+ channels in acute ischaemia is generally deduced from findings obtained during cell poisoning with metabolic inhibitors [12] or hypoxia [13] . However, ischaemia is a more complex pathological situation than experimental hypoxia because during ischaemia cardiac myocytes not only undergo oxygen deprivation but also suffer from the interruption of perfusion.
Ganote and co-workers [ 14,151 developed a model of simulated ischaemia at the level of an isolated myocyte by making use of mineral oil as a physical barrier between the cell and its environment. The same approach has also been applied successfully to isolated papillary muscle [16-181. Using the patch-clamp technique and the oil model of simulated ischaemia, the present study was aimed to directly record ionic currents during acute ischaemia. We found that alterations in ionic currents as induced by acute ischaemia include both inhibition and activation of cardiac K+ currents. A preliminary account of our findings has appeared in abstracts [19, 20] .
Methods

Cell isolation and solutions
Adult rat ventricular myocytes were isolated according to the method described by Irisawa and Kokubun 1211 and then stored at room temperature in a "KB" medium. Cells were mechanically dispersed by gently shaking a small piece of tissue cut from the right ventricle in a plastic Petri dish containing the extracellular medium.
The standard Hepes-buffered extracellular solution contained (mM): NaCl 135; KC1 5.4 or 3.5; MgCI, 1; CaCl, 1.8; Hepes 10; glucose 10; pH adjusted to 7.4 with NaOH. The bicarbonate buffer solution contained (mM): NaCl 112; KC1 5.4; MgCI, 1; CaCl, 1.8; NaHCO, 23; glucose 10; pH 7.4 when gassed with a 95% O,-5% CO, mixture. For patch-clamp recordings, Ca2' currents were inhibited by replacing extracellular CaCl, with CoCl, or by adding nitrendipine 3 p.M to the extracellular solution (at 3 PM, nitrendipine produces no effect on repolarizing K+ currents in rat myocytes). The patch pipette solution contained (mM): KC1 50; K-aspartate 85; Na-pyruvate 5, MgCI, 1, EGTA 10, Hepes 10; MgATP 3, glucose 10, pH adjusted to 7.2 with KOH.
All experiments were conducted at 35°C.
Intracellular pH measurements
The optical system used for microcytofluorometry experiments was based on a Nikon diaphot inverted fluorescence microscope. A 100 W xenon lamp (Nikon) was used as an excitation light source. Our method for intracellular pH (pHiI determination has appeared previously [22] . Cells were loaded at room temperature by 20 min exposure to a final concentration of 5 p,M carboxy-seminaphthorhodafluor-1 acetoxymethyl acetate (C-SNARF-1 /AM; Molecular Probe, Eugene, OR, USA) dissolved in dimethyl sulphoxide (DMSO; Sigma Chemicals, St. Louis, MO, USA) and pluronic acid (Molecular Probe) in the standard Hepes or bicarbonate buffer extracellular solution. The fluorescent dye was excited at 530 nm through an interference filter and a 565 nm long-pass dichroic mirror. Under excitation, C-SNARF-1 emitted fluorescence peaking at 580 nm (F,sO; H+-bound form) and 640 nm (F6@; free form) which was split with a dichroic mirror centred at 605 nm and then measured through two filters using Hamamatsu multialkali photocathode photomultipliers (model R.374). The photocurrents from the two fluorescence channels were integrated and amplified (homemade amplifier). The signal was then digitized with an A/D converter (Tecmar TM100 Labmaster, Scientific Solution, Solon, OH, USA) and stored on the hard disk of a 486/50 personal computer. The ratio FssO/Fs, of the two emission wavelengths was calculated with a homemade software and displayed on-line on the screen. pH, was calibrated with the nigericin method as previously reported [22] .
Patch-clamp experiments
A 3.3 cm diameter Petri dish containing isolated cells was placed on the stage of an inverted microscope (CK2, Olympus), inside a torus-shaped water jacket heated at 35°C (Polystat 86602, Bioblock Scientific). The cells were continuously superfused with the standard external solution at a flow rate of 1 ml/min. The ruptured-patch whole-cell configuration of the patch-clamp technique [23] was used to record global currents in the voltage-clamp mode and action potentials in the current-clamp mode. Patch pipettes were pulled from soft glass capillary tubes (738 11, Kimble, Toledo, OH, USA) using a vertical pipette puller. Pipette tip resistance ranged between 2 and 3.5 M0 when filled with the pipette solution. The pipette was connected to a patch-clamp amplifier (EPC7 List, Darmstadt, Germany). A Narashige 3-axis micromanipulator (MO-10:3, Narashige Scientific Instrument Lab, Tokyo, Japan) mounted on a manipulator (MM33, Biologic, Claix, France) was used to hold the headstage and to approach the cell with the pipette. A 486/33 personal computer coupled with an A/D converter (Tecmar TM100 Labmaster, Scientific Solution) acted as a stimulator, a data recorder and an analyser using a software made in the laboratory by Gerard Sadoc. Voltage steps 2 mV in amplitude were imposed via the pipette and the seal resistance was calculated. When a gigohm seal between the patch pipette and the cell membrane was obtained, the holding potential was clamped at -80 mV and 10 mV voltage steps were then imposed. The membrane resistance (R, ), the serial resistance CR,) and the membrane capacitance CC,,,) were also monitored. Only cells for which R, reached values below 10 MR were retained for further recording. In the current-clamp mode, action potentials were triggered using 5 ms depolarizing pulses applied every 5 s at two times threshold amplitude. In the voltage-clamp mode, the resting membrane potential was kept at -80 mV and 30 s voltage ramps from -100 mV to +60 mV were imposed 
Oil application
Ischaemia was simulated by enveloping the cardiac myocyte under investigation in a droplet of mineral oil saturated with nitrogen gas (Fig. 1) . We chose mineral oil (heavy white oil, Sigma Chemicals under reference 400-5; viscosity 340-360) which has a lower density (i.e., 0.88) as compared to water so as to avoid any increased pressure on the isolated myocyte. By means of a microcatheter composed of a Tyson capillary tube (i.d. 0.25 mm, Norton Performance Plastics) mounted on a l-axis micromanipulator (MO-22, Narashige) and on a manipulator (MM33, Biologic) and positioned over a target myocyte, the mineral oil droplet can be applied, removed and reapplied. Since the tip of the microcatbeter was continuously immersed in the extracellular medium warmed at 35"C, no local temperature change occurred secondary to oil immersion. Using confocal laser microscopy and a non-permeant extracellular Ca'+-sensitive fluorescent dye (fluo-31, we checked that an extracellular space persisted around the myocyte under oil application, which was estimated between l/3 and l/2 of the cell volume. Confocal laser microscopy also showed that a thin layer (around 3 pm) of extracellular medium persisted beneath portions of the oil droplet, which could close the electrical circuit between the recording pipette and the reference electrode. This was controlled by checking that the resistance of a patch pipette positioned on the cell surface did not change when measured in the absence and presence of the oil droplet. Patch pipettes were also used to estimate the thickness of the layer surrounding the cell: the tip of the pipette was positioned on the cell surface and then slowly withdrawn until, on reaching the oil, the electrical contact was lost. The layer thickness so measured (3-5 pm) agreed with the estimate obtained with confocal laser microscopy.
Results
Intracellular pH during simulated ischaemia
In order to investigate the consequences of varying pre-ischaemic pH i on the electrophysiological changes produced by simulated ischaemia, experiments were performed using either Hepes or bicarbonate as the extracellular buffer for protons. We first monitored intracellular pH with SNARF-1 under ischaemic challenge. As previously reported [24] , the intracellular pH of isolated cardiac cells maintained in a bicarbonate-free extracellular medium buffered with Hepes was alkaline (control pH, = 7.44 f 0.02; mean it s.e.m.; n = 7). Following drop application, the intracellular pH acidified and reached a steady-state at 12.3 f 2.2 min (range: 8.3-18.3 min). Cell death occurred shortly after ( Fig. 2A) , as indicated by cell shrinkage and concomitant increase in intracellular PH. The averaged minimal pH, value determined during oil covering was 7.16 f 0.04 (P < 0.001 compared to control). Further experiments were also carried out using a more physiological bicarbonate buffer solution. In five cells, intracellular pH decreased from 7.08 f 0.04 to 6.56 f 0.07 (P < 0.001) under simulated ischaemia (Fig. 2B ). In the bicarbonate buffered medium, pHi changes produced by oil covering were more pronounced and also the rate of acidification was faster than with the Hepes-buffered medium. Furthermore, pH, values under baseline conditions and also under oil immersion were significantly more acidic with bicarbonate buffer than with Hepes (P < 0.001).
lnfruence of simulated ischaemia on action potentials and ionic currents in Hepes bufler
We next investigated the effects of simulated ischaemia on action potentials and ionic currents recorded with the patch-clamp technique. Due to mechanical constraints caused by oil covering, the success rate in maintaining good quality pipette seals throughout simulated ischaemia was low. We estimated that only one third of the cells were successfully recorded after the cell was entirely covered with the oil droplet and were suitable for further analysis, In the Hepes buffer solution, the mean control action potential duration at 90% repolarization (APD90) was 41.7 + 8.7 ms and the resting potential (E,> was -73.4 f 0.5 mV (n = 6). As illustrated in Fig. 3 , upon simulated ischaemia the APD90 initially lengthened to 87.0 + 17.2 ms (P < 0.01 compared to pre-ischaemic values). A progressive shortening was then observed which brought APD90 to 47.8 f 9.6 ms (P < 0.01 compared to maximum lengthening but non-significant (NS) compared to pre-ischaemic values). The maximum lengthening occurred at 2.3 f 0.3 min (range: 2.0-3.2 min) whereas the steady state of the shortening period occurred at 15.9 f 4.5 min (range: 3.8-36 min). Oil covering also produced progressive depolarization by 10.6 f 5.1 mV of the resting membrane potential which peaked at 15.0 f 3.5 min post immersion (range: 6-29 min).
Under voltage-clamp conditions, the steady-state current was recorded using a slow depolarizing voltage ramp protocol. As shown in Fig. 4 , the background current amplitude evolved according to two distinct phases. During the initial phase, the outward current in the voltage region between the reversal potential and -20 mV progressively decreased (the current at -40 mV diminished from 1.49 f 0.21 pA/pF in the control to 1.17 f 0.36 pA/pF, the maximal outward current in this voltage region decreased from 1.63 f 0.23 pA/pF to 1.36 f 0.37 PA; n = 7; Fig. 4A (left panel) and Fig. 4C ). This effect which did not reach statistical significance was accompanied by a decrease in the slope conductance determined at the level of the reversal potential (E,,) from 26.01 + 5.58 pA/mV to 17.29 f 5.14 pA/mV (P < 0.05) and also by a 4.0 f 0.6 mV shift toward depolarization of E,, (P < 0.05; Fig. 40 . The current at +60 mV decreased from 4.79 f 1.13 pA/pF to 3.94 + 0.94 pA/pF (P < 0.05). The current blocked by oil covering during the initial phase is depicted in Fig. 4B (left panel) . It had a reversal potential near the equilibrium potential for K+ ions and showed strong inward rectification. Decreased background current produced by oil covering was interpreted as mainly caused by an inhibition of the inward rectifier K+ current. In three additional experiments, we alternated from the current-clamp to the voltage-clamp mode; we observed that the inhibition of the background current was concomitant with action potential prolongation.
During a later phase, the outward current at +60 mV progressively increased from 3.94 f 0.94 pA/pF to 5.85 f 0.98 pA/pF (P < O.OOl>. This was accompanied by an increase .in the current noise as illustrated in Fig. 4A (right panel). The current-voltage relation of the outward current induced by simulated ischaemia is depicted in Fig. 4B (right panel) and is similar to that usually attributed to the ATP-sensitive K' current [25] . During the secondary phase, the current at -40 mV slightly increased from 1.17 f 0.,36 to 1.33 + 0.32 pA/pF (P = NS; n = 7), the maximal outward current in the voltage region between the reversal and -20 mV increased from 1.36 f 0.37 to 1.89 + 0.27 pA/pF (P < 0.05) and the slope conductance also increased from 17.29 f 5.14 to 20.14 f 4.39 pA/mV (P = NS). The increase in the outward current produced by oil covering was delayed with regard to the relative shortening of the action potential in experiments where current-clamp recordings alternated with voltage-clamp recordings.
Simulated ischaemia in bicarbonate buffer
In the bicarbonate buffer solution, a small initial lengthening of the action potential inconstantly occurred following oil covering. In most cases, as illustrated in Fig. 5 , a shortening of the action potential duration was observed that was concomitant with cell depolarization. In a typical experiment, APD90 shortened from 81.3 to 38.2 ms within 13 min post oil covering whereas E, depolarized by 8.7 mV. Alterations in the steady-state current produced by oil covering in bicarbonate buffer evolved according to two distinct phases similar in nature to those observed in Hepes. Current changes in bicarbonate buffer are compared with those recorded in the Hepes solution in Fig. 6 . During the initial phase, the decrease in the outward current at -40 mV and the decrease in the slope conductance measured at E,,, which presumably reflect inhibition of the inward rectifier, were less with bicarbonate than with Hepes buffer. By contrast, the decline in the current at +60 mV was more pronounced in bicarbonate than in Hepes buffer. Activation of Kf currents during the secondary phase occurred more rapidly in bicarbonate (5.3 f 1.2 min post ischaemia; range: 3.0-7.0 min) than in Hepes buffer (8.2 f 1.7 mm post ischaemia; range: 4.0-15.5 min; P < 0.01). During this period, the current at +60 mV, the current at -40 mV and the slope conductance progressively increased in bicarbonate-as well as in Hepesbuffered extracellular solutions.
To further investigate the nature of the current changes produced by oil covering in the bicarbonate buffer medium, we used a voltage step protocol as illustrated in Fig. 7A . Transient outward currents elicited by depolarizing voltage pulses were strongly inhibited during the primary phase of oil covering (Fig. 7B,C) ; on average, the initial current at + 60 mV declined from 44.11 f .76 to 21.08 f 2.60 pA/pF (P < 0.01; n = 5). Using the two-stage voltage-step protocol shown in Fig. 7A , we found that inhibition of the transient outward current during the early phase of acute Fig. 9 . Effects of the K+ channel opener cromakalim (15 p,M) on current changes produced by simulated ischaemia. Same protocol, same abbreviations and same symbols as in Fig. 8 . 7B,C; on average the late current at -100 mV decreased from -17.63 + 1.81 to -13.45 f 3.19 pA/pF; P < 0.05). We associated these latter changes with the block of the inward rectifier current. During the secondary phase, a time-independent outward current was induced by oil covering (Fig. 7B) . Its I-V relationship (Fig. 7C ) corresponded well to that of the steady-state current depicted in Fig. 4B which we associated with the ATP-sensitive K+ current.
In order to evaluate for reversibility of the ischaemic challenges imposed to isolated myocytes, episodes of oil immersions less than 5 min in duration were performed. For these experiments, the protocol consisted of voltage steps applied every 15 s from -80 mV in sequence to -100 mV for 300 ms, to -40 mV for another 300 ms, and then to +60 mV for 3 s. In 17/21 (81%) of the cells tested under control conditions, the secondary phase of current activation was not observed (Fig. 8A , mean oil exposure duration: 3.8 f 2.8 min) within the short time of oil immersion. In only four cells (i.e., 19%; mean oil exposure duration: 3.1 min), outward current activation occurred (Fig. 8B) . In both cases, changes produced by simulated ischaemia were rapidly, albeit partially, reversible upon oil removal. The same protocol was also applied in the continuous presence of the ATP-sensitive K+ current activator cromakalim at a concentration of 15 p.M. With cromakalim, ATP-sensitive K+ current was activated in 100% of the cells tested (9/9; P < 0.001 compared to untreated cells; Fig. 9 ).
Discussion
The present experiments show that simulated ischaemia using the oil covering method can be successfully applied to patch-clamped isolated cardiac myocytes. One of the advantages inherent to the model is reversibility, since the oil droplet can be removed back and forth from the cell under study. The oil covering model has previously been applied by others to isolated strips from the ventricle [16-181 and to rat ventricular cell pellets [14, 15] ; isolated rat cells submitted to an ischaemic period in mineral oil showed increased lactate production, decreased intracellular ATP contents and increased ATP byproducts such as ADP, AMP and adenosine 1141. Furthermore, these cells exhibit structural changes at both light and electron microscopy levels similar to those seen in multicellular models of ischaemia. However, essential differences exist between our model and in vivo ischaemia, including the lack of adrenergic influence, the small extracellular space in an open connection with the bath fluid, possible diffusion of lipophilic substances into the oil and, most importantly, the ischaemic cells were not beating. Not surprinsingly, we found a marked variability in the cell-to-cell response to simulated ischaemia. Such heterogeneity is usual in unicellular models of metabolism impairment [26] and was previously reported for isolated cells immersed in mineral oil [14] . In our model, heterogeneity may have been caused by a variable metabolic state of the cells under investigation but also by a variable geometry of the oil droplet covering the isolated myocyte. In addition, isolated myocytes were sampled indifferently from subepicardial or subendocardial layers which may also contribute to cell variability.
The major advantage of the model is the possibility it offers of directly recording ionic currents under "ischaemic" conditions. The model provides direct evidence that acute ischaemia has complex effects on cardiac repolarizing K+ currents including both inhibition and activation. In cardiac cells, a number of K+ currents are responsible for cell repolarization [27] . In the rat heart, Kf currents that govern repolarization can be classified into: (i) inward rectifiers such as ix, which determines the resting membrane potential and is best measured at voltages negative to the equilibrium potential for K+ ions; (ii) time-dependent currents including the transient outward current, i tO, which activates and inactivates upon depolarization [28] ; (iii) various K+ currents [8-lo] that are purportedly activated during metabolic stress including the ATP-sensitive K+ current [8] . With our model it was not possible to rapidly change the external solution bathing the cell under study during ischaemia, thereby preventing the use of pharmacological blockers that are useful for accurately distinguishing between the different K+ currents. K+ currents were thus discriminated according to their time and voltage dependence. This obviously represents a limitation of the model.
During ischaemia, a number of changes occur within cytoplasmic constituents that may affect the behaviour of K+ channels. This includes a decline in [ATPli and pH, [l] , a rise in [Ca2'], [5] and [Na+], [6] , and the release of metabolites such as arachidonic acid, lysophophatidylcholine and palmitoylcamitine. Any of these changes could have participated in the alterations in the K+ currents as reported here. It is known that ix, increases during alcalosis [29] and decreases during acidosis [30, 31] . ATP-sensitive K+ channels activate when intracellular pH decreases due to partial relief of the tonic block produced by internal ATP [32] . These channels are also directly activated by an increased intracellular lactate concentration [33] . Under control conditions, ATP-sensitive K+ current was activated in 'only 20% of the cells submitted to brief (less than 5 min) ischaemic episodes. This proportion increased to 100% in. the presence of the K+ charmel opener cromakalim, thus demonstrating that this class of drugs significantly accelerated the activation of ATP-sensitive K+ current during ischaemia. A more rapid activation of a large repolarizing K+ current may be the basis of the so-called cytoprotective effects of cromakalim as previously suggested [l 11 . Inhibition of transient outward current by metabolic inhibition has previously been reported by Pike et al. [34] in rat atria1 myocytes perfused with 2-deoxy-D-glucose to block glycolysis and by Thierfelder et al. 1351 in mouse ventricular cells exposed to an anoxic challenge. At variance with our own observation and also with findings obtained in mouse ventricular cells exposed to anoxia [35] , Pike et al. [34] found that metabolic stress using 2..deoxy-D-glucose inhibited the transient outward current by shifting its steady-state inactivation curve in the negative direction, an effect that they attributed to the increase in [Ca2 + Ii. In the Hepes buffer medium, simulated ischaemia produces a marked initial lengthening of the action potential. In multicellular models of ischaemia, this effect is usually brief and much attenuated [l] . In our experiments, inhibition of the inward rectifier and the transient outward current likely contributed to the initial lengthening of the action potential in Hepes and activation of the ATP-sensitive K+ current likely contributed to the secondary shortening phase. In the bicarbonate buffer medium, inhibition of both inward rectifier and transient outward currents at the onset of simulated ischaemia did not lead in most cases to a noticeable prolongation of the action potential. Furthermore, in Hepes the shortening phase of the action potential occurred earlier in current-clamp experiments than the late phase of K+ current activation in voltageclamp experiments. These observations suggest that other currents were affected by simulated ischaemia in such a way that the resulting net current was more outward during the plateau.
Summary and perspective
Our work demonstrates that ischaemia induces profound and complex alterations in repolarizing K+ currents that participate in determining the duration of the cardiac action potential and thereby the refractory periods. We suggest that intracellular acidosis plays a role in producing or modulating these changes which are, however, likely to have a multifactorial origin. Because a gradient of intracellular acidosis exists between the centre of the ischaemic zone and its periphery [36] , alterations in the different K+ currents should be inhomogeneous not only with regard to their amplitude but also with regard to their time-course. In conjunction with inhomogeneity in extracellular K+ accumulation, inhomogeneity in K+ currents will thus participate in creating dispersion in refractory periods, a major cause of lethal arrhythmias during acute ischaemia.
